An innovative polymerase chain reaction (PCR) thermocycler capable of performing real-time optical detection is described below. This device utilizes the Ranque-Hilsch vortex tube in a system to efficiently and rapidly cycle three 20 mL samples between the denaturation, annealing, and elongation temperatures. The reaction progress is displayed real-time by measuring the size of a fluorescent signal emitted by SYBR green/double-stranded DNA complexes. This device can produce significant reaction yields with very small amounts of initial DNA, for example, it can amplify 0.25 fg (,5 copies) of a 96 bp bacteriophage l-DNA fragment 2.731011-fold by performing 45 cycles in less than 12 min. The optical threshold (150% of the baseline intensity) was passed 8 min into the reaction at cycle 34. Besides direct applications, the speed and sensitivity of this device enables it to be used as a scientific instrument for basic studies such as PCR assembly and polymerase kinetics.
I. INTRODUCTION
The polymerase chain reaction (PCR) is a powerful and sensitive enzymatic technique used to exponentially increase the number of copies of a specific sequence of template DNA. The PCR process includes three steps: sample preparation, DNA amplification, and detection. After preparation, the sample mixture (includes DNA, primers, and polymerase) is allotted into a desirable sample size (typically 1-100 all for amplification. The amplification step consists of thermally cycling the sample for N cycles ( ~35) between specific denaturation, annealing, and elongation temperatures; typically 90-95°, 50-65°, and, 72 °C, respectively. Theoretically, one cycle will double the existing amount of DNA, but in practice the PCR process can be described in terms of overall efficiency sYd, REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 75, NUMBER 12 DECEMBER 2004 American Institute of Physics. [DOI: 10.1063 where X=(1+YdN is the DNA amplification yield. Typical PCR amplification has an efficiency of 70% and requires ,35 cycles for 108-fold amplification. Gel electrophoresis is the standard for product detection. However, real-time detection can be achieved by measuring the fluorescence of ye/DNA complexes throughout the amplification stage of the reaction. This drastically reduces total assay time by eliminating the need for an individual step for product detection. Real-time PCR also provides the required optical measurements used in quantitative PCR analysis. There are many types of PCR machines used in practical applications. However, these devices may generally be classified into two categories: robotic devices which move the DNA samples to the heat; and thermocyclers which bring the heat to the samples. Robotic devices, such as Stratagene's ROBOCYCLER™ (Strategene, La Jolla, CA), move tubes containing PCR reaction samples to and from a series of water baths, which are heated to different temperatures. Although robotic thermocyclers can be useful in certain applications, they are incapable of high-speed PCR due to their rates of heating and cooling (,2 min/ cycle). The two basic types of thermocyclers are programmable heat blocks and forced hot-air thermocyclers. In commonly employed heat block thermocyclers, the amplification stage consists of cycling the temperature of the samples using computer controlled eat blocks.
These devices typically require hours of operation time due to the slow heating and cooling proc- A vortex tube is a device that produces two gas streams of significant temperature difference from a single source of compressed gas. An attractive feature of the vortex tube is its reliability-it operates without any moving parts or electrical components. The inlet gas pressure is typically in the range of two to eleven atmospheres and enters a cylindrical container tangentially through one or more ports. After entering the cylinder, the gas spirals down the length of the tube (see Fig. 1) where it meets a control valve. According to the valve setting, a fraction of the gas sxd will exit the tube at an outlet temperature up to about 110 °C warmer than the inlet temperature of the gas. The remaining gas fraction s1−xd exits at the other end with a maximum temperature difference of about 70 °C lower than the initial gas temperature. The outlet temperatures can be varied according to the absolute pressure drops across the tube, the type of gas used, and with the control valve that changes the fraction of gas exiting at each end. cler gives it overall dimensions of ,12 in.38 in.36 in. It also has very limited dependence on electricity and can be controlled using a laptop computer. The entire device is based on the simplicity and reliability of the vortex tube and effectively cycles three, 2 mL, sample capillaries within the range of PCR typical temperatures. The device is entirely dependent on the performance of the vortex tube (Exair Inc., Cincinnati, OH), so its operational parameters were optimized. The compressed air supply used is capable of delivering room temperature air at a flow rate of ,3.2310−3 m3/s (6.8 SCFM) at a gage pressure of ,5.9 bar s85 psid. The first step in optimizing the vortex tube is to size the generator, a flow restriction device, to correspond with the available air supply.
The appropriate generator should maximize the volumetric flow rate, while providing enough resistance to create a large pressure drop across the tube. The tube operates most efficiently at inlet pressures of about 5.5-7.5 bar s,80-110 psid. The exit temperatures are variable according to the ratio of gas exiting at each end. Typically, the exit temperature difference at each end is inversely related to the mass fraction of gas exiting. For this application, experimentation concluded that the hot gas temperature must exceed 100 °C to ensure the sample can still reach the denaturation temperature after experiencing minimal heat loss throughout the system. To obtain the minimum increase in hot gas temperature of 80 °C, the vortex tube must be set so the fraction of hot gas exiting is low, ,20% of the inlet flow. The resulting cold flow exits the vortex tube at about 0 °C. Accordingly, the tube becomes more effective during the cooling process and sample heating becomes the rate-limiting step. The setup of the thermal cycling device is designed to optimize the convective heat transfer to the sample capillaries during both the heating and cooling processes (Fig. 2) . The from heating to cooling must be performed without interrupting the operating vortex tube bystopping flow on the cold side. Therefore, the cold flow valve is opened before closing the cold release valve.
Adequate cooling is achieved under the configuration where all of the cold and hot gases mix in the vortex flow conditioner before reaching the sample chamber. Since the mass flow rate of cold gas is about four times greater than the hot gas, it is overwhelming and the resulting stream works to cool the samples to the annealing temperature. The cold gas is ,5 °C before reaching the two valves and the cold/hot gas mixture is typically around 30 °C. The samples are cooled at an average rate of 16 °C/s. When a temperature hold is included in a PCR protocol, the programming logic uses set temperature limits and temperature versus time slope measurements to control the status of the cold flow valve and keeps the sample chamber at the desired temperature.In many cases, holds are not necessary at the denaturation and elongation temperatures. Under these circumstances, overshooting, and undershooting is minimized through feedback control from the previous thermal cycle. This enables the machine to make heating/cooling transition adjustments within a PCR amplification to maximize performance by accurately reaching the desired target temperatures. Another important factor is the temperature deviation between the samples. The vortex flow conditioner is the first step in minimizing sample temperature discrepancy by effectively mixing the hot and cold gases to provide nearly isothermal inlet flow conditions. The arrangement of sample capillaries then becomes the primary concern. The staggered arrangement (Fig. 2) reduces the effect of the first capillary shadowing the subsequent ones. Also, the sample spacing is minimized to reduce the effect of heat The reading is taken once per cycle during the heat to denaturation step at a specified read temperature. When the capillary reaches the user designated temperature a blue light source (LS450, Ocean Optics, Dunedin, FL) shines light at 470 nm into the capillary where it reacts with the dye/double stranded DNA complexes. The fluorescence emitted by these complexes is then recorded by a CCD array based spectrometer (USB2000, Ocean Optics) designed for operation within the VIS/NIR range of wavelengths s,370-1050 nmd.
III. EXPERIMENTAL PROCEDURE
The performance of the Ranque-Hilsch vortex tube thermocycler is demonstrated using a 96 bp l-DNA amplicon. The sensitivity of the machine and the ability to monitor a PCR reaction real-time was tested by varying the initial DNA concentrations from 0.25 to 100 fg. Reaction progress was monitored by measuring the fluorescence emitted at 520 nm by SYBR Green bound to doublestranded DNA complexes upon excitation at 470 nm. This dye binds to all double-stranded DNA and cannot distinguish between a specific PCR amplicon and primer-dimer artifact. Therefore, careful design of primers, optimum reaction conditions, and a hot-start PCR technique is very crucial 
IV. RESULTS AND DISCUSSION
The total reaction time, which includes the 30 s hot start and subsequent 45 cycles between the denaturation, annealing, and elongation temperatures, was less than 12 min. Figure 3 shows the temperature versus time profile for the hot start and initial three cycles of the PCR reaction. Figure 4 shows that positive results were obtained for each initial concentration of l-DNA while the negative controls (no initial l-DNA) remained negative. This gel picture was used to conduct amplification and efficiency calculations to demonstrate machine sensitivity. An initial DNA amount of 0.25 fg produced an amplification of 2.731011-fold, which corresponds to an overall efficiency of 79.5%. The corresponding real-time PCR spectrometer data are shown in Fig. 5 . The PCR reaction is deemed successful when the intensity increases beyond an established threshold value defined as 150% of the baseline intensity. The number of cycles necessary to reach the threshold value increases as the initial DNA concentration is reduced. In the absence of primer-dimer artifacts, the negative control should not exceed the threshold value. Quantitative PCR is possible by calculating the initial concentration of DNA using the number of cycles necessary for the intensity to surpass the thresh- 
